The aim of this study was to evaluate the viscoelastic properties of novel low-shrinking composites and compare them to those of packable composites. Six materials were tested: Clearfil Majesty Posterior (CM), ELS Extra Low Shrinkage (EL), Filtek P60 (FP), Filtek Silorane (FS), Prodigy (PR) and Surefil (SU). Static and dynamic testing was performed and materials were tested dry and wet at different temperatures (21°C to 50°C). Shear and flexural modulus, loss tangent, dynamic viscosity, Poisson's ratio and creep recovery were calculated among others. Significant differences were found both between the two groups and between materials belonging to the same group. CM presented the highest shear and flexural modulus and EL the lowest. All materials were softened by an increase of temperature, while FS was the least affected by water and PR showed to be the most susceptible. Different approaches used to overcome polymerization shrinkage lead to materials with different properties.
INTRODUCTION
Although composite resins were introduced as aesthetic materials for anterior restorations, their use was quickly extended to posterior teeth. The increased mechanical requirements in stress bearing posterior cavities along with the early composites' inadequate resistance to wear 1) resulted into frequent failures. The need for composites with improved mechanical properties led to changes in their composition with the construction of restoratives named as packable composites that were recommended as a substitute of amalgam 2) . As composites perform under masticatory forces, mechanical properties are critical for their longevity and parameters as the modulus of elasticity can be indicative of their performance. Both static and dynamic tests have been used for the determination of the mechanical properties of composite resins in prior studies. Tests such as creep focus on the response to the static component of forces, relating to the parts of the restored tooth that may undergo progressive motion. By contrast, dynamic tests reveal the response to sinusoidal components of load and reveal energy dissipation as well as the response to impacts.
Despite the evolution of composite resins and the improvement of the adhesive systems, composite restorations still present some drawbacks. One of the major disadvantages is that their setting is accompanied by polymerization shrinkage, which consequently leads to the generation of polymerization stress and can be the cause of clinical failure. Depending on the bond strength between tooth structure and composite, imperfect margins around the restoration form and can lead to post-operative sensitivity, secondary caries and marginal discoloration that can reduce the longevity of the restoration 3) . Moreover, the stresses are transferred into the tooth structure and can cause micro-fractures and cusp movement 4) . Many efforts have been made in order to reduce the volumetric shrinkage of composite resins, with different approaches being used 5, 6) . New materials are being introduced claiming to present low polymerization shrinkage and being suitable for use posterior teeth, where setting stresses can be critical for the survival of the restoration.
The aim of this study was to evaluate the viscoelastic properties and resistance to creep deformation of novel composites with low polymerization shrinkage and compare them to those of traditional packable composite resins designed for posterior restorations. The null hypothesis was that no significant differences would be found among the newer low-shrinking composites and the packable, exhibiting similar viscoelastic properties.
MATERIALS AND METHODS
The composite resins used in the study are listed in Table 1 . All materials were of A2 shade. Three of the materials (FP, PR, SU) are packable composite resins, while the other three (CM, EL, FS) are materials recently introduced as possessing low volumetric shrinkage.
The uncured composites were inserted into glass capillary tubes (d=0.85 mm, l=18 mm) and were light-cured (40 s, 600 mW/cm 2 Coltolux 4 light, Coltene Whaledent, Konstanz, Germany). The specimens were mounted, using a jig for centering, between a Plexiglas disc (0.5 mm thick) and a rod with use of self-curing composite.
Viscoelastic properties of low-shrinking composite resins compared to packable composite resins
The apparatus used in this study ( Figure 1 ) can perform torsion and bending tests of cylindrical specimens and has been used before for various dental materials 7, 8) . Torque is generated by a permanent, highintensity, Sm-Co magnet which is attached to the end of the specimen and placed at the center of a Helmholtz coil. The magnet (M=2.75×10 −3 Nm/A) is able to produce torque on the specimen, controlled by the current in the coil. A thin mirror (d=5 mm) was cemented onto the magnet in order to reflect the laser beam of a low power He-Ne laser on a calibrated chart at a distance D=944 cm.
The distribution of shear strain, γ, in a circular cylinder under torsion is γ=rφ/L, where r is the radial distance from the centerline and L is the length of the cylinder. The distribution of shear stress  depends on the material properties of the specimen and in the case of linearly elastic or linearly viscoelastic materials it is given by  =MR/(R 4 /2), where R is the specimen radius and M is the torque. When small stresses are being used, the specimens are linearly viscoelastic and torsion results can be easily interpreted.
Static and dynamic viscoelastic measurements
The materials were tested under four different conditions (at 21°C dry and at 21°C, 37°C and 50°C wet). The specimens tested wet were stored in a beaker with distilled water for 24 h.
For the determination of the static shear moduli of the materials a constant torque was rapidly applied to the specimen and maintained for 3 h. The angular displacement was recorded and the torque was then rapidly released. The shear modulus G=/γ was calculated from the equation G=2ML/R 4 φ. The shear stress and shear modulus at 10 s reflect the short-time viscoelastic response of the material. Compliance J is the reciprocal of the shear modulus. The time dependent creep response was recorded as described below.
Young's modulus of elasticity E was obtained by repeating the experiment after the coil was rotated for 90° in order to achieve bending. Again, a constant torque was applied to the specimen for 10 s and then "instantaneously" released. Table 1 The materials used in the study Fig. 1 Apparatus used in the study.
and strain vary sinusoidally and strain lags behind the stress. The storage modulus G1 (the real part of the complex modulus G * ) is in phase with strain, whereas the loss modulus G2 (the imaginary part of the complex modulus G * ) is 90° out of phase with the strain and is related to the dissipation of energy. In most cases of stiff materials G2 is small compared to G1 and therefore G * is approximately equal to G1 and is loosely referred as modulus G. The ratio of the imaginary part to the real part of the complex modulus G * is referred to as internal damping or loss tangent (tan). The angle  is the phase angle between stress and strain sinusoids. The loss tangent is proportional to the energy loss per cycle within the framework of linear viscoelasticity.
In the present study frequencies that ranged from 1 to 100 Hz were used for the dynamic torsional vibration of the specimens tested. Sinusoidal torque was applied via a function generator connected to the Helmholtz coil. Frequency was varied to tune through resonance. The displacement of amplitude was measured for on the chart for each frequency. The viscoelastic parameters were calculated by using the resonance frequency νo, which corresponds to the peak amplitude and the resonance full width Δν, which is the difference between the two frequencies at which the amplitude is half of the maximum. The loss tangent is calculated from the 
where L is the length of the specimen, r the radius of the specimen and I is the moment of inertia of the magnet which was measured to be 4.4×10 −7 kg•m 2 . Dynamic viscosity n* was calculated from:
where ω0= 2ν0.
Creep measurements
The experiment consisted of applying a constant torque and recording the angular displacement of the specimen for duration of 3 h. The stress was then released and the recovery was recorded for 50 h. The specimens were tested under four different torques generated by increasing the electrical current producing different initial stresses ranging from 1.14 MPa to 3.42 MPa. However for materials CM and SU the displacement at the lowest stresses was too small to accurately measure. These were also tested at 4.56 MPa and 5.7 MPa for comparison purposes.
Statistical analysis
Statistical analysis for the static and dynamic measurements among different materials were performed by two-way analysis of variance (ANOVA) accompanied by Bonferroni post-tests (a=0.05). The independent parameters were the materials and the testing condition, while in creep measurements the parameters were the materials and torque.
RESULTS
Mean values of G and E under static testing and the calculated ν that derives from those values are shown in Table 2 , while mean values of G1, G2, n* and tan under dynamic testing are shown in Table 3 . The mean values of γ0,%γτ/γ0, % recovery and initial G in 10 s are shown in Table 4 . The effect of water and temperature increase in G1, n*, E and tan is shown in Figure 2 , while creep and compliance curves are shown in Figure 3 and Figure 4 . Based on the results of this study, the null hypothesis has to be rejected. Material CM presented the highest values for G and E both in static and dynamic testing and under all conditions, while EL had the lowest modulus. CM also presented the highest dynamic viscosity, with materials EL and PR showing the lowest. All materials presented a decrease in their moduli when tested wet, with the exception of FS under dynamic testing, while the increase of temperature from 21°C to 50°C also led to a decrease of their moduli.
All materials showed typical linear viscoelastic behavior under creep exhibiting elastic strain, viscoelastic and viscous flow and the phase of recovery; 
DISCUSSION
Viscoelastic properties are crucial for the longevity of composite resin restorations and affect their performance in different ways. On one hand, materials with low moduli are unable to withstand the forces generated inside the oral cavity and are more prone to wear 9) , while presenting lower fracture toughness 10) . On the other Fig. 2 Effect of temperature and condition on G1, n*, E, tan. hand, composites that are too stiff may transmit occlusal stresses to tooth structure resulting in catastrophic failure, while in cervical restorations less viscous and less stiff materials as layers have been proposed 11) . Moreover, elastic modulus is also important during polymerization shrinkage 12) . Composites with higher moduli have been associated with higher shrinkage stresses 13) as they are not able to relieve them with plastic flow during polymerization. Thus, composites are required to have satisfactory stiffness in order to possess sufficient mechanical properties, but not to be too stiff in order to minimize setting stresses.
The ideal value of a composite resin's Young's modulus has been set to 18 GPa which is the value of dentin 14, 15) , in order to achieve a better stress distribution between restoration and tooth. In the nearest conditions to those inside the oral cavity (37°C and wet) CM, FP and SU were very near this value, while EL, FS and PR presented significantly lower values. However with the increase of temperature, E decreased and at 50°C the materials showed values ranging from 9.7 GPa to 15.81 GPa. Although temperature changes are small most of the time, consumption of very hot or cold foods or beverages can result in variations meaning that under these conditions restorations could be more prone to failure in stress-bearing cavities.
The Poisson's ratio of all the materials was of reasonable magnitude. Poisson's ratio is the ratio of transverse contraction strain to the longitudinal extension strain, a measure of the relative resistance to dilatation and shearing. For glassy polymers Poisson's ratio is between 0.3 and 0.35. A Poisson's ratio approaching 0.5 corresponds to a rubbery consistency. As a result of its high filler content CM had the lowest Poisson's ratio among the materials. The value 0.22 for CM in the dry condition suggests the ceramic particle inclusions have a substantial effect. Poisson's ratios exceeding 0.4 were inferred for FP and PR materials when wet at 50°C, indicating substantial softening of the shear modulus in comparison with the bulk modulus.
In the present study, three novel composites resins were tested and compared to conventional packable composites. Each of the low-shrinking composites employs a different strategy in order to achieve this goal and consequently the materials differed among them. CM has very high filler content (82 vol%) which reduces the amount of available resin matrix in the resin composite and leads to lower volumetric shrinkage 16, 17) . Its high filler content explains the high moduli values that were obtained, which is probably the reason for its high wear resistance found in one study 18) and possibly other mechanical properties. However, despite its low shrinkage this material was found to show similar marginal adaptation to materials that shrink more 19) . This phenomenon was attributed to other factors that influence the adaptation of composites, namely stiffness and viscosity, which is affirmed from the current findings. Apart from its high moduli, CM presented high viscosity (>20 MPa•s under all conditions) which means that it is less able to compensate stresses with viscous flow both during setting and later under masticatory forces. As a result of its high filler content, CM had the lowest Poisson's ratio among the materials, which is the ratio of transverse contraction strain to the longitudinal extension strain, a measure of the relative resistance to dilatation and shearing. The manufacturers of CM claim that it possesses low water sorption and under the 24 h water storage of this study it seems to be valid, as CM presented satisfactory stability in its properties when tested dry and wet at 21°C. A possible reason is that the plasticizing effect of water which creates more free volume and facilitates the polymer chain segment movement is hindered by the material's high filler content and limited monomer volume and possibly also by the new filler surface coating used in CM. Contrarily, the increase of temperature had a significant effect on the properties of CM, especially on G and E which exhibited the largest decrease among the materials tested.
In the case of EL, the absence of the diluent monomer TEGDMA is possibly the reason this material has been found to possess a relatively low degree of cure (%DC) in the early stages of polymerization 19) which is associated with a decreased polymerization shrinkage strain 20) . However, a low %DC can have a detrimental effect on the mechanical properties of a composite resin. In the present study EL was found to possess the lowest moduli among the materials tested and also the highest loss tangent when tested wet in 37°C and 50°C. Loss tangent is the ratio of the energy lost to the stored energy in a cyclic deformation and a low value along with a relatively high modulus contribute positively to the clinical performance concerning deformation 21) . Lastly, FS is a material consisting of a new monomer technology that uses a combination of a siloxane backbone along with oxirane molecules and a cationic ring opening polymerization process resulting in a polysilorane polymer. Among the materials tested it was the only one based on a different monomer technology. This material showed a relatively low shear and flexural modulus. However, in all testing conditions it had the lowest loss tangent and it was the material which was affected the least by water at 21°C exhibiting no change or the smallest changes when stored in water for 24 h. This stability is attributed to its monomer chemistry. The siloxane backbone of silorane is highly hydrophobic thus making the reactive to water oxirane groups inaccessible to water molecules 22) . Packable composite resins were manufactured in order to provide composites with handling properties similar to amalgam and improved mechanical properties compared to other composites 23) . However, variations amidst the materials of this category are significant as found both in previous studies 24) and the present one. Among the packable composites tested FP showed the highest moduli and PR the lowest, in accordance with previous findings 21) . FP had the second highest filler content and a high proportion of finer fillers providing a stiffer consistency. On the other hand, PR apart from its lower moduli exhibited the largest variations when stored wet and when the temperature increased.
When tested under creep the composites were characterized by a rapid initial strain which was followed by retarded strain. The initial strain and the % residual strain increased with the increase of applied torque. CM and SU exhibited negligible strain under the two lowest torques employed. Moreover, CM was the only material to exhibit full recovery in the two highest torques used. Creep has been found to be influenced by filler content 25) and an inverse relationship between creep compliance and filler loading was shown 26) explaining the behavior of this heavily-filled material.
FS was proved to be the least susceptible material to creep, surpassing CM when the applied stress increased. As FS possesses the lowest filler content, the reason for its high creep resistance should be attributed to other factors possibly to its monomer composition 26) or filler coupling. On the other hand, SU showed negligible strains under the lowest strains and this creep resistance was previously attributed to its monomer chemistry which contains UDMA 27) . However, SU showed high susceptibility to creep when the torque increased, a finding that the authors cannot explain. PR was not able to fully recover and exhibited both the lowest recovery and the highest % of residual strain of its initial strain at 10s. Creep resistance is important for polymers as high strains make the material more prone to mechanical stresses, but it should be noted that while excessive creep is unwanted an optimized level of compliance may delay catastrophic failure and wear 28) . While in parameters as elastic moduli, loss tangent and Poisson's ratio there was no consistent behavior among the two groups of materials, in creep testing the "conventional" packable materials were more prone to creep and exhibited higher compliance than the lowshrinking composites. It is however difficult to explain this finding because of the compositional differences among all the materials. It is nonetheless confirmed by our findings that while filler content plays an important role other factors are greatly involved in the creep resistance of composite resins. While the highly filled material CM showed good creep results, materials EL and FS with similar or lower filler volume than packable composites exhibited better performance than those.
CONCLUSIONS
Six novel dental composites were studied for viscoelastic behavior. CM presented the highest shear and flexural modulus and EL the lowest. All materials softened by an increase of temperature. FS was the least affected by water and PR showed to be the most susceptible to softening by hydration.
The various strategies employed in order to lower polymerization shrinkage result in materials with different chemistry and mechanical properties. While it is important to have materials with low shrinkage values, this should be achieved without risking the mechanical behavior of the composite resins, especially when dealing with posterior restorations.
